Polycarb onate (PC), a critical component in ballistic laminates (BLs), is known to degrade upon exposure to ultraviolet (UV) light. For the purpose of reducing the photodegradation, a UV blocking chemical has been added to the adhesives used to join the layers of the BL. This report describes the develop ment of a spectroscop ic method for monitoring surface photodegradation of PC and the method's use in demonstrating the effectiveness of the UV blocker. Reports in the literatu re demonstrate that photodegradation in thin PC ® lms may be detected by transmission infrared (IR) spectr oscopy. The present work extends this approach to thick ® lms, where small surface changes are detected by re¯ectance IR spectroscop y. We show that UV photodegradation of the PC surface produces a character istic shift in the carbonyl absorption band at about 1775 cm 2 1 . This shift is consistently observ ed in PC samples that have been subjected to direct arti® cial exposure and in PC samples that have been subjected through the outboard layers of the BL to both natural and arti® cial exposure. When a UV blocker is incorporated into the adhesive layers of the laminate, no peak shift is observed in the carbonyl band after the equiv alent of 10 years of exposure.
INTRODUCTION
Ballistic laminates (BLs) that have been studied in this work consist of several layers of glass with polyvinylbutyral interlayers. On the inboard side, a polycarbonate (PC) layer is laminated to the glass with a polyurethane interlayer. The sponsor of this research is primarily interested in BLs which are used as windshields in armored tractors. A projectile ® red at the BL is ® rst slowed by the brittle glass layers, then captured by the PC layer as it bulges to absorb the energy. It has been noted that the ability of BLs to stop projectiles decreases with age. Surprisingly, this fact has been referenced even in a recent novel. 1 The PC component of BLs is certainly the most susceptible to loss of critical function due to aging. Natural exposure of the PC layer to humidity, temperature cycling, and sunlight can contribute to the problem. However, we have limited this work to a consideration of surface photodegredation of PC and its prevention. It is well known that the surface of PC degrades rapidly upon exposure to ultraviolet (UV) light. 2± 7 We suppose, as has been previously proposed in the literature, 6 that the loss of function is due to photo-induced surface degradation that leads to microcracks which eventually cause loss of impact strength. Clearly the way to retard photodegra-dation is to screen the PC from harmful radiation. The literature indicates that short wavelengths are the most deleterious. However, at least one paper demonstrates degradation of PC with light in the 350-nm range. 2 Given that sunlight is mostly above 300 nm and that the glass layers already provide considerable screening below 330 nm, the spectral region for additional screening seems to be about 330 to 370 nm.
In this work we show how adding absorbing molecules to the adhesive layers in BLs inhibits photodegradation of the critical PC layer. The windshields with added absorber are referred to as screened BLs, while the unmodi® ed windshields are referred to as unscreened BLs. Also, we demonstrate an infrared spectroscopic method for detecting differences between the unexposed and exposed outboard surface of the PC layer in BLs.
Certain information, sensitive to the sponsor, will not be presented, such as speci® cations of the BLs, windshield replacement schedules, and ballistic test data.
EXPERIMENTAL
BL samples were acquired from windshields manufactured for use in armored tractors. Samples were prepared for spectroscopic analysis by the following method: After being sawed into 1-in. squares, the samples were ® rmly secured in a vise. Vice-grips were used to twist the PC layer from the outer layers. If the relatively thick adhesive layer happened to remain with the PC layer, it was readily peeled off with pliers.
The outboard PC surface was examined spectroscopically. A Harrick Seagull re¯ectance accessory was placed in the sample chamber of a Nicolet 800 FT-IR instrument for this purpose. Spectra were collected for several incident angles between 108 and 808 from normal. However, only spectra taken with a 108 incident angle are presented herein, since these spectra are most similar to true absorption spectra, after the Kramers± Kronig (KK) transformation (see below). Typically 500 scans were averaged to produce a spectrum. The instrument resolution was set to 4 cm 2 1 and a mercury-cadmium-telluride detector was used. The data in the third row of Table I , only, were obtained in an earlier study in the same laboratory using a Nicolet 7000 instrument and a SpectraTech IR Plan microscope in re¯ectance mode.
The re¯ectance spectra of the PC were put on a pseudoabsorbance scale by the usual calculation, 2 log S/R, where S is the sample scan and R is the reference scan. The reference scan was acquired by replacing the sample with a mirror. After applying the KK transform, we found the spectra to be essentially indistinguishable from true absorption spectra taken of suitably thin PC samples (not shown). The KK transform was accomplished with the routine distributed with Lab-Calc by Galactic Industries. A normal incidence is assumed in the calculation; hence the superior results noted above when near-normal incidence was used.
Exposures of the bare PC were accomplished with a 50-W mercury lamp (Oriel), which was coarsely collimated with a fused-silica condenser lens. The 1-in.-square sample was placed in the center of the beam at a distance of 1 ft from the end of the lens housing. Careful quantitation of the exposure dose was not deemed necessary, since the purpose of this portion of the work was simply to discover the type of spectroscopic changes to be expected upon exposure to UV light.
Natural exposures of BLs were accomplished by placing windshields in normal service for a number of years. The dose of sunlight received is dif® cult to quantify. Samples of unexposed BLs, for comparison purposes, were taken from unused windshields, which were manufactured at the same time but stored in light-tight packaging.
Accelerated exposures of BL samples were accomplished at Sandia's Photovoltaic Test Evaluation Lab with the use of the``accelerator for ultraviolet aging'' (called the accelerator below), which was homebuilt from mostly Oriel parts. The 1-in.-square samples were held in a water-cooled, thermocouple-monitored chuck. The source was a 1-kW xenon arc lamp backed by a high-ef® ciency ellipsoidal re¯ector. Since the lamp intensity decreases with time, a photo-feedback controller was used to adjust the power output to keep the intensity within preset limits. A circulating water ® lter absorbed the infrared wavelengths. Pyrext and colored-glass ® lters ensured a sharp cut-on at 300 nm, mimicking the terrestrial solar spectrum.
The distance between the sample stage and lamp housing was adjusted to give the desired exposure acceleration. The spectral irradiance, E l , was measured at discrete wavelengths between 300 and 400 nm with a calibrated spectroradiometer (Licor 1800). This integral was divided by the one-sun integrated global solar spectral irradiance for 300± 400 nm, 46.17, to give the equivalent suns of exposure. The number of suns times the total elapsed time, in hours, divided by 2920 solar hours per year (365 days 3 8 hours/day) equals the total calendar years of arti® cial exposure.
When unscreened BL samples were placed in the accelerator, the intensity was set at about 40 suns. However, when screened BL samples were placed in the accelerator, the intensity was halved to about 20 suns to avoid excessive heating of the absorbing layers.
RESULTS AND DISCUSSION
Screened BLs. Because photodegradation of the PC must be initiated by absorbed light and the UV absorption of PC is quite high, we expect photodegradation to be primarily a surface effect. Therefore, absorbing additives in the PC layer itself are not likely to provide much protection. Instead, we incorporate a protective UV screen into the adhesive layers on the outboard side of the PC. The unscreened laminate had a polyvinylbutyral adhesive interlayer between the glass plies and a polyurethane adhesive interlayer between the glass and the PC. To achieve the desired additional UV blocking, we recommended to the manufacturer that UV absorbers of the benzotriazole class be added to the adhesive layers. In production, the adhesive interlayers with this additive were designated as B14 (between the glass) and KPUR 301 (between the glass and PC). In order to evaluate the level of UV screening imparted by these modi® ed interlayers, optical absorption spectra were taken. Because of the large absorbances, thin samples were used (0.03 in. for KPUR301 and 0.012 in. for B14), and the absorbances were scaled to the application thickness under the assumption of Beer's law. These results are shown in Fig.  1 . In this ® gure, absorption due to KPUR 301, that due to B14, and the sum of the two are plotted, as well as the corresponding spectrum for the unscreened BL (excluding the PC layer). As is clear from the ® gure, a laminate con® gured with these new interlayers gives virtually complete protection of the PC from UV light with wavelengths of 370 nm or shorter. In addition, testing showed that these new laminates met ballistics speci® cations.
Photodegradation of Bare PC. Re¯ection spectroscopy (with a KK transform), as described in the Experimental section, produces a spectrum which is essentially equivalent to the absorption spectrum of a thin layer at the surface of the sample, where the thickness is on the order of the wavelength of the light. Since the ® rst signs of damage due to the UV exposure are surely at the surface, it would be useless to study the spectral changes in the bulk PC. Note that the use of the term absorption spectrum, when applied to the PC results, indicates a spectrum acquired by the method described and not a traditional absorption spectra. Figure 2 shows the evolution of the absorption spectrum of bare PC after exposure to a Hg lamp for the time indicated in the ® gure. The absorption bands drop in intensity and shift to lower energy with pronounced broadening. The spectra of Fig. 2A are not normalized, but retain the original relative intensity information. In Fig.  2B , the frequency scale in the neighborhood of the carbonyl band is expanded and the spectra rescaled to a peak height of unity. The spectra for 0 and 4 min of exposure are indistinguishable on this scale. The broadening and shifting of the peak to lower energy are very apparent for the longer exposures. These spectral changes certainly indicate a weakening of at least some of the C5 O bonds. Perhaps the mean chain length of the polymer is reduced, and there is less opportunity for electron donation into the C5 O bonds. Figure 3A is a further frequency-scale expansion of the PC spectra. Only the spectra after 0 and 4 min of exposure are shown. The difference spectrum (unexposed 2 exposed) clearly shows that the change is principally a peak shift to lower frequency. The case of 4-min exposure of bare PC is of interest because it shows a small change essentially equivalent to that seen below for much longer exposures of PC in BLs. Of course, the PC in BLs is shielded from the UV light by the outer glass layers.
Natural Exposure of BLs. Figure 3B shows a PC spectrum from a windshield that was in service for a number of years. The unexposed sample was from a windshield stored in a light-tight container and manufactured at about the same time. As before, the difference 
FIG. 3. (A)
The carbonyl absorption bands for PC after 0 and 4 min of exposure to a 50-W Hg lamp, along with their difference (unexposed 2 exposed). As seen in subsequent parts of this ® gure, the 4-min exposure produces a change in unprotected PC that is similar to results from much longer exposures of PC in BLs. For all parts of this ® gure, a baseline, drawn from 1820 to 1745 cm 2 1 , is subtracted from the spectra, and the peak heights are normalized to unity. (B) The carbonyl absorption bands for the PC layer of unexposed and naturally exposed unscreened BL. The difference (unexposed 2 exposed) is also shown. Exposure is for an unspeci® ed number of years in an armored tractor. (C) The carbonyl absorption bands for the PC layer of unexposed and arti® cially exposed unscreened BL. The difference (unexposed 2 exposed) is also shown. Exposure is in the accelerator and is equivalent to about 10 years. (D) The carbonyl absorption bands for the PC layer of unexposed and naturally exposed screened BL. The difference (unexposed 2 exposed) is also shown. Exposure is in the accelerator and is equivalent to about 10 years. Although the spectra do not precisely overlay (see text), there is no peak shift, indicating that the effect of exposure seen in parts A to C is absent.
FIG. 2. (A)
A series of absorption spectra of PC showing the effect of exposure to a 50-W mercury lamp for increasing times. (B) The same series of PC absorption spectra as in A, where the frequency scale has been expanded around the carbonyl band and all peak heights have been normalized to unity. The absorption spectra for 0 and 4 min are indistinguishable on this scale. spectrum (unexposed 2 exposed) is displayed. The spectra presented in Fig. 3B (also, Figs. 3C and 3D ) are the means (after baseline subtraction and normalization to unity) of about 10 independent acquisitions of the spectrum of each sample. The mean peak positions, the peak shifts, and the con® dence limits, at the 0.95 con® dence level, are reported in Table I . Con® dence limits were calculated in S-Plus (MathSoft) with the use of the t.test Mean peak positions and differences of the means in units of cm 2 1 . Peak positions are determined with the Tab function in  Gram s 3.0 (Galactic Industries) and con® dence limits (0.95 con® dence level) with the t.test function in S-Plus (MathSoft). There were about 10 indepen dent repetitions of the spectral acquisition in each case, except for the bare polycarbonate, for which there were no repetitions.
Sample
Exposure type
Unexposed peak position
Exposed peak position
Peak difference and con® dence limits (unexposed 2 exposed) Bare polycarbonate (Fig. 3A Fig. 3B is seen to be essentially equivalent to that in Fig. 3A . The fact that we see the same type of change for the naturally exposed polycarbonate as for rapidly exposed bare PC is a strong indication that the change in the former is principally due to exposure to light. This experiment was duplicated on a second naturally aged, unscreened windshield with essentially identical results. The data are included in the table but not as a separate ® gure. Since the second windshield also came from an in-service tractor, the exposure dose is poorly controlled and may be different from that of the ® rst windshield. Figure 3C shows the results of an experiment equivalent to that of Fig. 3B , except that the exposure was accomplished with the accelerator described in the Experimental section. It is different from the experiment of Fig. 3A in that the PC was part of a BL when exposed, and the exposure spectrum and dose were carefully controlled. After a simulated 10 years of exposure, we see a change similar to that in Fig. 3B . This observation veri® es that the accelerator is a valid method for acquiring data that are intended to represent natural exposures.
Arti® cial Exposure of BLs (Including the Effect of a UV Blocker).
The primary focus of this work is to demonstrate the effectiveness of the UV blocker incorporated in the screened BLs. Figure 3D presents data for the screened BL, where the exposure was accelerated in the same manner as for the unscreened BL in Fig. 3C . The peak shift that is ® rmly associated with the photodegradation in Figs. 3A to 3C is absent in this sample. We interpret this observation as a ® rm indication that the PC in the screened BL did not undergo photodegradation. The two negative lobes in the difference spectrum are associated with peak broadening, the origin of which is unknown.
A Possible Method for Field Testing? One desirable extension of this work might be to develop a test method to verify the viability of a particular batch of BLs in the ® eld. However, this effort might not be practical. First, the method is destructive. One must pull the laminate apart to directly examine the surface of interest. Second, the peak shifts are very small. Batch-to-batch variations in PCs show similar peak shifts. In the above experiments, we have been careful to use unexposed reference samples from the same windshield or at least the same batch of windshields. This precaution may be impractical in a ® eld check. Nevertheless, this spectroscopic method has provided valuable information and is recommended for laboratory-based aging studies of BLs.
CONCLUSION
We have shown that UV photodegradation of the PC surface produces a characteristic shift in the carbonyl absorption band at about 1775 cm 2 1 . This shift is consistently observed in PC samples that have been subjected to direct arti® cial exposure and samples that have been subjected through the outboard layers of the BL to both natural and arti® cial exposure. When a UV blocker is incorporated into the adhesive layers of the laminate, no peak shift is observed in the carbonyl band after 10 years equivalent exposure. This result is strong evidence that the expected protection against UV photodegradation is a reality and that the lifetime of BL, when limited by this type of degradation, can be extended. However, the effective lifetime that may be imposed by other degradation mechanisms is not addressed in this study.
